INTRODUCTION
The Antarctic krill Euphausia superba (hereafter krill) plays a key role in the ecosystem of the Southern Ocean and occupies a central place in commercially valuable resources. Publications during the last decade have shown that the population size of krill seems to be driven by recruitment rather than by predation pressure on postlarvae, and that recruitment is likely related to seasonal sea ice dynamics (Smetacek et al. 1990 , Siegel & Loeb 1995 , Quetin et al. 1996 . Several studies have shown that larval and adult krill have fundamentally different overwintering mechanisms. Adults are able to survive over 200 d (i.e. the entire winter) without food by using their lipid reserves and reducing their metabolic rates (e.g. Quetin & Ross 1991 and it is assumed that they shrink during long starvation periods (e.g. Ikeda & Dixon 1982) . Larval krill have low lipid reserves (Hagen et al. 2001 ) and thus might not be able to tolerate long starvation periods. Further, adults may switch to benthopelagic (Kawagushi et al. 1986) or carnivorous feeding (Hopkins et al. 1993 , whereas larval krill have to feed on ice algae to survive (e.g. Daly 1990 , Hagen et al. 2001 , Frazer et al. 2002 .
Starvation resistance is thus important in respect to this critical autumn-winter transition period for larval krill. describe 2 critical periods of larval krill survival in their first year of life. The first is after developing into the first feeding stage (Ross & ABSTRACT: Metabolic rates and elemental and biochemical composition of Furcilia IV (FIV) larvae of Euphausia superba were studied during 12 d of starvation at the onset of winter in the Bellingshausen Sea. This time of the year may be a critical period in the krill life cycle because their larvae must switch from feeding on summer phytoplankton blooms to winter ice algae. FIV utilized mainly lipids overall, but also protein during the second half of the 12 d period. After 6 d of starvation most of the larvae lost half of their body C. Body lipid content decreased from 12.7 to 1.5% of dry mass (DM), whereas protein fell from 32.7 to 25.8% of DM. Respiration rates decreased from 1.3 to 0.7-0.8 µl O 2 (mg DM) -1 h -1 in the first 3 d, after which they remained roughly constant. These rates correspond to C losses of 2.7 and 2.0% body C d -1 respectively. Excretion rates decreased from 0.04 to 0.02 µg NH 4 (mg DM) -1 h -1 until the middle of the starvation period and then rose to 0.05 µg NH 4 (mg DM) -1 h -1 by the end, which is probably related to the increase in protein breakdown. Based on these losses of body C and lipid, the FIV larvae may pass their point of no return, where they lose their ability to recover from nutritional stress, after 6 d.
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Resale or republication not permitted without written consent of the publisher Quetin 1989) ; the larvae have to find adequate food within 10 to 14 d to survive, if not, they reach their 'Point of no Return' (PNR). The second critical period is during the first winter when larvae must feed to grow but food in the water column is scarce. The PNR is the time after which a larva loses its capability to recover from nutritional stress (Anger & Dawirs 1981) . After passing the PNR, starved and subsequently fed larvae are unable to recover from the effects of prolonged starvation, they fail to develop normally and die. Ross & Quetin (1991) found a mean survival time for Furcilia IV (FIV), FV and FVI during starvation of 29, 59 and 69 d, respectively. This finding suggests that older larvae survive longer starvation periods than younger stages, but no stage could survive a winter without food, unlike the adults. However, the time taken to starve to death and the PNR are not the same and we have no information on how starvation affects the elemental and biochemical composition of furcilia and know little of how starvation affects their metabolic rates (Frazer et al. 2002 .
Here we measure elemental and biochemical composition as well as metabolic rates in FIV larvae of Euphausia superba during a short-term starvation period of 12 d. Short-term periods of starvation for larvae are expected to occur at the onset of sea ice formation in the Antarctic autumn. During this phase phytoplankton biomass in the water column decreases, while at the same time remnant concentrations are incorporated into the growing sea ice (Thomas & Dieckmann 2003) . At this stage of sea ice formation, phytoplankton or ice algae are not accessible to larger grazers such as larval krill. Only later in the season will a bottom community develop in the sea ice, representing an additional food source. This study provides further insight into the survival mechanisms of E. superba furcilia larvae in the Southern Ocean ecosystem.
MATERIALS AND METHODS
Investigation area and sampling. In austral autumn (April to May 2001) during the Expedition ANT XVIII/5b to the eastern Bellingshausen Sea (66 to 71°S and 58 to 86°W) sampling was carried out on board RV 'Polarstern'. The experimental larvae were collected on the first transect of the cruise at Stn 301 (66°35.50'S, 71°56.49' W). The station was located near the shelf break, over the continental slope (Fig. 1) . A detailed description of all sampling locations of the expedition and the hydrography is given by Pakhomov et al. (2004) (Strass et al. 2002) . The larvae were collected with a Rectangular Midwater Trawl (RMT 1). One fraction of freshly caught larvae (t 0 -group) was immediately frozen at -80°C for later determination of body length, elemental composition (C and N), total body protein and lipid content, at the Alfred Wegener Institute, Germany. A second fraction of freshly caught larvae were used to measure oxygen uptake rates, ammonium excretion and feeding rates. A third fraction was used for the starvation experiment, being transferred to a plastic container filled with 50 l of natural seawater and stored at room temperature (0°C). There, the larvae were sorted by stage under a binocular microscope following Fraser (1936) , and the dominant stage, FIV, was used for the starvation experiment.
Experimental set-up. For the starvation experiment 300 FIV were incubated individually in 150 ml of 0.2 µm filtered seawater. The animals were checked daily for mortality, moulting and general fitness. The water was changed every second day. Moulted animals were frozen. After 3, 6, 9, and 12 d of starvation, subsamples were frozen at -80°C for future analysis of body length, elemental composition (C and N), total protein and total lipid. Another fraction of larvae was used for measuring oxygen uptake and ammonium excretion rates. The intermoult period (IMP) was calculated by using the reciprocal of the moult frequency during the first 3 d of the experiment, since the growth of krill measured in filtered seawater over the first 3 d after capture reflects in situ conditions (after Nicol et al. 1992 and Nicol 2000) . Morphometrics, elemental and biochemical composition. The body length (BL) of larvae was measured from the front of the eyes to the tip of the telson under a stereomicroscope. From the freshly caught larvae 52 animals were used for the correlation of dry mass (DM) to BL. For DM and body C and N content determination, larvae were analysed individually. After lyophilization for 48 h the larvae were weighed and elemental composition was analysed as described in Meyer et al. (2002 Meyer et al. ( , 2003 . In the starvation experiment 3 to 7 replicates were analysed from each sampling day (0, 3, 6, 9, 12) .
Total protein was measured by homogenising 1 larval krill in 4 ml of 5% trichloroacetic acid on crushed ice using a Branson Sonifer B15 cell disrupter. After centrifugation at 6000 rpm (5000 × g) for 10 min the remaining pellet was used for protein analysis after Lowry et al. (1951) , with bovin serum albumin as a standard. From the freshly caught larvae, 20 replicates were analysed in FIV, and in the starvation experiment, 5 replicates were analysed from each sampling day.
For total lipid determination 10 FIV larvae were pooled for one analysis. Only in the t 0 group were there enough larvae to analyse 3 replicates. After lyophilization for 48 h, samples were weighed and the total lipid was extracted with dichloromethane/methanol (DCM: MeOH, 2:1 by volume), and determined gravimetrically (Hagen 2000) .
Feeding experiments. Feeding experiments were conducted using natural seawater from a depth of 10 to 20 m because chl a concentration at this depth was in the upper range of values measured in the mixed layer (Strass et al. 2002) . The incubation water was collected with a rosette sampler fitted with 24 Niskin bottles (12 l) fitted with teflon springs. The water was immediately drawn through silicon tubing into a 50 l container. Two replicate subsamples (1 l) were siphoned for chl a analysis to measure the concentration of the autotrophic biomass. These samples were filtered onto Whatman GF/F filters, sonicated on ice for 30 s with 10 ml of 90% aqueous acetone and centrifuged (700 × g) for 3 min. The supernatant was used to measure chl a with a Turner 700D fluorometer (Wright et al. 1997) .
For the feeding experiments the food medium was transferred through silicon tubing from the mixed contents of the 50 l container to 2.4 l bottles. Each experiment with freshly caught larvae was comprised of 6 replicate bottles each with 5 FIV larvae and 3 controls without. Bottles were incubated on a plankton wheel (0.5 rpm) in the dark for 24 h at 0°C. At the end of the experiment, animals were checked for mortality and subsamples were siphoned for chl a analyses as described above.
Calculation of feeding rates.
Clearance rates on the total phytoplankton biomass were calculated from Frost's (1972) equation modified by Båmstedt et al. (2000) to: F = ln (C c /C k ) V/m k t, where F is the clearance rate (ml mg -1 body C h -1 ), C c the final concentration in the control, C k is the final concentration in the incubation bottles grazed by the larvae, V is the experimental volume (ml), m k is the body mass (mg C) of larvae, and t is the experimental duration (h).
Ingestion rates of the total autotrophic biomass were calculated as the product of the clearance rate on the total algal biomass (ml mg -1 larvae body C h -1
) and its C concentration in the final control (mg carbon ml -1 ). Ingestion rates were then expressed as a daily C ration under the assumption that larval feeding rates reflected the daily average rate. The measured chl a concentration was converted to C equivalents using a C:chl a ratio of 50. The usefulness of this ratio is described in detail in Meyer et al. (2003) .
Metabolic rate measurements. For measuring oxygen uptake and ammonium excretion rates, 2 FIV larvae were incubated in sealed 0.15 l bottles filled with filtered seawater (0.2 µm pore size) for 24 h at an in situ temperature of 0 to 0.5°C. The respiration and ammonium measurements were made with freshly caught and starved larvae, there were 10 and 3 replicates respectively, and 4 controls (without larvae) were performed. Dissolved oxygen was determined by Winkler titration using a 716 DMS Titrino (METROHM). Ammonium was analysed photometrically with the phenol-hypochlorite method after Solorzano (1969) .
Statistics. Analysis of variance was performed to detect significant differences between parameters measured in freshly caught larvae (t 0 -group) and after 3, 6, 9, and 12 d of starvation. Using the SPSS™ software package for PC, a 1-way ANOVA (Model I) was calculated and the Holm-Sidak post hoc test was applied for multiple comparisons. For all correlations presented a Type I regression was used.
RESULTS

Abundance of krill larvae and environmental conditions
The highest larval abundance was found near the shelf break, over the continental slope with a mean total larval density of 19 444 ind. m -2 , compared to the shelf region with a mean abundance of 4174 ind. m -2 ). At our sampling station, the stage composition ranged from Calyptopis III (CIII) to Furcilia VI (FVI), with FIV as the most abundant stage (42%), followed by FIII (26%), FII (15%), FV (6%), FVI (5%), FI (2%) and CIII (1%). Larvae distribution and abundance during the whole cruise is described by Pakhomov et al. (2004) . During the expedition in the eastern Bellingshausen Sea surface values of chl a ranged from 0.1 to 2.7 µg l -1 with a sharp decrease below 60 m depth. The highest values were restricted over the shelf (Brichta & Belem 2002) .
IMP, elemental and biochemical composition
The in situ IMP of FIV larvae was 15.5 ± 1.1 d and the mortality rate 0.63 ± 0.1% d -1
. Survival averaged 57% during the 12 d of starvation and the daily mortality rate rose to an average of 6.7 ± 4.9%. The regression of DM (mg) on BL (mm) in freshly caught larvae is: FIV: log 10 (DM) = 2.7 log 10 (BL) -2.7 (r 2 = 0.70, p < 0.001, n = 52), and their daily C ration ranged between 12 and 14% of body C at a food concentration from 63 to 86 µgC l -1 . The mean loss of body C and N from the initial values was highest after 9 d of starvation (49 and 37% respectively, Table 1 ). After 12 d of starvation, DM and elemental composition were significantly different (p < 0.05) than the values of freshly caught larvae (Fig. 2) . After 9 d of starvation only the body C content showed a significant difference to the t 0 -group (p < 0.05). The C content declined faster than the N content, suggesting a preferential utilization of energy rich lipids; this is also reflected in the decline of the C:N mass ratio during starvation (Fig. 2b-d) . Body lipid content decreased from 12.7 to 1.5% of DM, whereas protein fell from 32.7 to 25.8% of DM (Fig. 3) .
Metabolic rates
The oxygen uptake rates decreased from 1.3 µlO 2 mgDM -1 h -1 in the t 0 -group to 0.7 after 6 d of starvation and remained almost constant until the end of the experiment (Fig. 4a) . Ammonium excretion decreased from 0.04 to 0.02 µg NH 4 mg DM -1 h -1 until Day 6 of starvation and then rose to above the initial rates (Fig. 4b) . The excretion rates correspond to a daily N loss of 0.9% in freshly caught larvae, 0.5% on sampling Day 6, and 1.0% at the end of the starvation period. The t 0 -group had an O:N ratio of 50 which decreased to 40 and remained constant in the first week of starvation, after that it decreased further to 30 and 21 (Fig. 4c) . According to Ikeda & Mitchel (1982) , Mayzaud & Conover (1988) and Ikeda et al. (2000) an O:N ratio between 3 and 16 indicates a protein-dominated metabolism, whereas a The stars indicate significant differences to the t 0 -group (freshly caught larvae, *p < 0.05) ratio greater than 24 shows that lipids are preferentially catabolised. Using a respiratory quotient of 0.7 (after Ikeda et al. 2000) , reflecting preferential utilisation of lipids (see Fig. 4c ), the oxgen uptake rates measured (see above) correspond to a C loss of 2.7% body C d -1 in the t 0 -group and in mean 2.0% body C d -1 after 3 d of starvation until the end of the experiment.
DISCUSSION
Only 12 d of starvation had a great effect on the biochemical composition and metabolic rates of FIV larvae. The changes in oxygen uptake and ammonium excretion are related to the use of lipid and protein reserves for survival and are reflected by changes in body composition. Below we outline the condition of FIV larvae in the field and their changes in elemental and biochemical condition and metabolic rates during a short term starvation period of 12 d. These results will be discussed in relation to the PNR and its consequence for larval survival at the onset of winter.
Sea WiFS data have shown that bloom conditions had persisted in the study area, the eastern Bellingshausen Sea, since March 2001 (Belem 2002) . This suggests that the nutritional conditions for larval krill were good. The average DM and body C content of FIV larvae suggest favourable feeding conditions (Brinton & Townsend 1984 , Daly 1990 , Huntley & Brinton 1991 , 2003 ). However, in freshly caught larvae we measured a moderate lipid content of 13 ± 3% of DM, compared to values found by Hagen et al. (2001) in autumn furcilia (18 ± 5%). At the same time, the intermoult period of freshly caught FIV larvae (15 d) suggests good nutritional condition in the study area. Huntley & Brinton (1991) showed an IMP of 18 d at optimal food conditions (3 µg chl a l . On the transect shown in Fig. 1 the surface chl a concentrations ranged between 1 and 2.7 µg l -1 (Brichta & Belem 2002 ). Elemental analyses are often used for indirect estimates of the proximate biochemical composition, whereas the C:N mass quotient reflects changes in the relative proportions of lipids and proteins (Anger & Harms 1990) . Both the elemental and biochemical composition measured in our study demonstrate that preferential lipids were used to fulfil energy requirements (Figs. 2b, and 9 d is underlined by the increase in the ammonium production of the larvae and hence in the pattern of the O:N ratio. During starvation the O:N ratio is clearly linked to the availability of energy reserves and the use of body protein (Mayzaud & Conover 1988) . However, in starvation experiments with the first feeding stage of krill, Calyptopis I (CI), Quetin & Ross (1989) found no evidence of protein catabolism until the CI larvae had been starved for at least 10 d, a time which corresponds to the PNR of the larvae. The 2 time spans for PNR and starvation to death can differ significantly. Dawirs (1983) reported a PNR for crab larvae around 4 d but death did not occur until 13 d without food. According to Ross & Quetin (1989) , the PNR of Euphausia superba CI larvae is between 10 and 14 d, about half of the 23 d of starvation necessary before 50% of the larvae die. The authors reported that the PNR of CI is passed when 44 to 51% of their body C is lost and their total lipid content is utilised. According to the initial lipid content of FIV larvae and their metabolic rates, the larvae have a survival time of 16 d. The decrease in body C indicates that the FIV larvae reached their PNR after 6 to 9 d of starvation, because that is (after Ross & Quetin 1989 ) when they lost half of their body C (Table 1) . In regard to the decrease in body lipid and the oxygen uptake rates measured during starvation, we calculated that a PNR is reached in ≤ 6 d (Fig. 6) . The lipid utilisation in starving furcilia seems to be a nonlinear process over time as indicated in Fig. 6 . After 3 d of starvation, body lipid content decreased substantial to less than 3% of DM. According to Hagen et al. (1996) 3 to 5% of body lipids are essential. After the 6th day of starvation it seems that most of the larvae die, and will not be able to recover from nutritional stress; this is indicated by the negative value at Day 9 shown in Fig. 6 . According to this result, the amount of body lipids in freshly caught larvae does not provide reliable information on the survival of larvae related to population success.
Our results indicate that frequent feeding is critical for larval krill survival. The larvae have to build up a sufficient lipid store to survive short-term starvation periods arising from patchiness of adequate food and/or delays in timing of sea ice formation. In the Antarctic autumn, at the onset of sea ice formation, phytoplankton biomass decreases in the water column and will be incorporated into the growing sea ice (Thomas & Dieckmann 2003) . During this phase of sea ice formation phytoplankton or ice algae are not accessible to larger grazers such as larval krill and short term periods of starvation can occur. Only later in a season will a bottom community develop in the sea ice and be utilised as an additional food source.
For a better understanding of larval survival and development, and ultimately recruitment, it is important to know when different ontogenetic stages will reach the PNR. This is more important for recruitment success than the number of days of starvation before death. The elemental and biochemical body composition determined during starvation are indirect parameters to estimate the PNR. Storch & Anger (1983) and Vogt et al. (1985) demonstrated a more direct determination. These authors reported that the most characteristic effects of starvation in decapod larvae can be seen in ultrastructual changes of the digestive system, particularly in the R (resorptive)-cells. The R-cells are located in the midgut gland and are specialist cells for nutrient resorption, and are able to store lipids and Days of starvation Days of survival 0 Fig. 6 . Euphausia superba. Furcilia IV larvae. Calculated days of survival on the basis of body lipid content measured during the starvation experiment. For the calculation the following factors were taken into account: (1) a minimum of 3% of lipids are essential, after Hagen et al. (1996) , (2) a respiratory quotient (RQ) of 0.72 was used until the 6th day of starvation (lipids were preferentially catabolised) and thereafter an RQ of 0.9 was used (a mix of protein and lipids was metabolised), after Ikeda (2000) glycogen (e.g. Al-Mohanna & Nott 1987 . Vogt et al. (1985) demonstrate that even after a starvation period of 4 to 5 d endoplasmatic reticulum and mitochondria in the R-cells are markedly reduced. Furthermore, Anger (2001) reported that a deposition of glycogen instead of lipids occurred after subsequent feeding for decapode larvae of Hyas araneus, indicating a pathological shift in the storage metabolism of the Rcells after reaching the PNR. Although detailed study on the microscopic anatomy of the krill stomach and its development during ontogeny exists (Ullrich et al. 1991 , Ullrich & Storch 1993 , histological and cytological investigations of the midgut gland of euphausiids are rare and there has been no such investigation for Euphausia superba. The importance of carbohydrate compounds (glucose, glycogen, lactic acid) to energetic processes in Antarctic krill is demonstrated in Mezykowski (1979) . From the background of our results and the knowledge we have from decapods it would be worthwhile to investigate the midgut gland cells of E. superba larvae by electron-microscopy after different periods of starvation, re-feeding and in wellfed larvae, and to compare these results with investigation of larvae from the field. The population dynamics of krill in the western Antarctic Peninsula area comprises episodic years of good recruitment, which occur once or twice per decade to maintain the krill stock . Given the intense interannual variability in this region, both in summer phytoplankton concentration and in winter sea ice (Constable et al. 2003 and refeferences therein), environmental effects on larval survival and recruitment are likely to be of key importance. A better understanding of the mechanism underlying starvation of larvae due to delays or patchiness of food availability is therefore essential.
